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By Roger A. Long and John C. Freche 

Two molybdenum  disilicide  turbine  blades  fabricated by hot-pressing 
techniques  were  used in an investigation to determine their heat-shock 
resistant  progertieb  under  centrifugal loads tqosed  by turbine  rotation. 

Rotating  heat-shock  tests  were  conducted  under  blade  centrifugal 
stresses  of 327, 2080, 3710, and 5350 pounds per square  inch.  At  these 
stress  levels,  hot-pressed molybdenum disilicide  blades  withstood  heat- 

intervals  from 5000 to 1200° to 5000 F and  from 5000 to 18000 to 5000 F. 
The maxlmm rate of gas-temperature  increase or decrease  encountered in 

of gas-temperature  increase  or  decrease in a scheduled  cycle was 7O F 
per  second.  The  first blade failed  during an involuntary  decreasing- 
temperature  heat  shock in which the  inlet-gas  temperature was decreased 
f r o m  14000 to 3000 F in 3 seconds while  the  blade was subjected to a 
centrifugal  stress of 3710 pounds  per  square  inch. The second molyb- 
denum  disilicide blade failed  between  successive  heat-shock  cycles 
while  under a centrifugal  stress of 5350 pounds per  square  inch. A 
fatigue  failure  occurred M c h  resulted f r o m  a small crack hitfated 
either by heat  shock  during a previous  heat-shock  cycle, by -act  with 
a foreign  substance,  or by vibration. 

- shock cycles in which  the  gas  temperature was varied i n  specific  time 

c EL scheduled  heat-shock  cycle was 32.50 F per  second.  The minirmrm rate 

The  llmited data of this  Tnvestigation  indicated that additional 
development  is necessmy before  the  heat-shock  resistant  properties 
of molfbdenum  dlsillcide  are  satisfactory  for  turbine-blsde  application. 

IN'I!RODUCTIOB 

High  inlet-gas teqeratures result in substantial  increases in 
the  power output of both  turbo  jet  and  turbine-progeller  power  plants; 
however,  turbine-inlet-gas  temperatures  are  limited  because  of  stress 
lwtations in current  high-temperature  lpELterials. Also, the  large 

makes  the  developgent of high-teqerature materids of  reduced 
.. critical  material  content in current  high-teqerat&e turbine alloys 

L .  . .. . . . . 
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critical  material '   content suitable for  turbine  applicatfon  desirable. 
A comprehensive program has been in i t ia ted  by the NACA Lewis Laboratory 
t o  develop high-temperature turbine materials with reduced c r i t i c a l  
material content .. . . . . . . . . . . . -. - . . . .. . .  . "  

Y 

Previous  investigations were conducted t o  determine the   feas ib i l i ty  
of applylng ceramic materials with  promising  high-temperature tens i le  
strength  properties, such as s i l l h a n i t e  and National Bureau of 
Standards B Q Q  4 8 l l C ,  to  rotating  turbine  blades  (references 1 and 2 ) .  
These investigations  indicated the existence of a heat-shock problem and 
a blade-mounting problem due t o  the br i t t le  nature of these  materials. 

F 
0 
0, 

. .~ . 

More recent  investigations  (references 3 and 4 )  indicated that 
certain  intermetall ic campounds and ceramals afford much higher tens i le  
strengths  than  current  turbine  alloys at temperdxres above 20000 F. 
One of the most promising of these,  hot-pressed molybdenum disil icide,  
possesses a tensile  strength of approximately 42,000 pounds per  square 
inch between 20000 and 24000 F (reference 5). The material appeared 
promising on the basis of avai labi l i ty  as well. No data were available, 
however, as   to   the  heat-shock resistant propert-les of an aerodynamic 
blade section  fabricated from this material when subjected to   centr i fugal  
stress  conditions. Such data are necessary to evaluate a material for 
high-temperature  gas-turbine  applications. Molybdenum dis i l ic ide i s  a 
b r i t t l e  material and consequently  presented a blade-mounting problem. 
This problem has been investigated  (reference 6 )  and several methods of 
supporting  blades  fabricated from s imi la r ly   b r i t t l e  materials have been 
evolved. The blade-disk attachment method previously  established 
(reference 1) and shown t o  be  adequate f o r  br i t t le  ceramic materials 
was employed i n  this Investigation. 

4 

Rotating  heat-shock t e s t s  were made i n  a small-scale  turbine  rig 
by vazylng the  inlet-gas  temperature  over  definite  ranges i n  varying 
time Increments  while the  turbine  rotor w-as motored at each of several 
t i p  speeds up t o  632 feet   per second (12,000 r p m )  . The maximum cen- 
trifugal s t ress  imposed upon the molybdenum disi1ici.de  blades was 
5350 pounds per' square inch. This s t ress  w a s  calculated  for  the  root 
of the aerodynamic section of the blade. The Met-gas  temperature was 
varied f r o m  5000 t o  1200° to 500' F and .from 500° t o  1800° t o  W O O  F. 
Each  of these  temperature  ranges was covered i n  time  increments of 5, 
4, 3, and 2 minutes. The increments were chosen t o  imgose vmying 
thermal  stresses upon the blades and t o  permit  direct comparison with 
similar tests conducted. with ceramic blades  (reference 2) .  . . . . . . . 

APPARATUS 7 

A deecription of the blade material, the  turbine disks, the method 
of blade assenibly, and the turbine installation is presented i n  the 
following paragraphs. 

rl 
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B l a d e  material. - The blade material used i n  this investigation m s  
molybdenum a i s i l i c ide ,  hot pressed from finely  divided powder t o  a solid 
body md ground t o  the finished blade shape. Molybdenum disilLci.de i s  
an intermetallic coqpound consisting of molybdemrm. and s l l lcon  i n  the 
stoichiometric proportions of one part molybdenum $0 two par t s  silicon 
and having the chemical formula MoSi2. A more complete  chemical anal- 
ysis of this material  than is  given i n  reference 5 i s  presented in  the  
following table x 

Makerial. Percent by 
weight 

36.45 H.30 
Carbon 0.20 t o  0.36 

Reference 5 describes the processFng of this material and its proper- 
t f e s .  S h d h r  processing  procedures were emgloyed in ho t  pressing the 
bodies from which the blades were .'ground. It can therefore be presumed 
that the properties of the blade ma;terial.used Fn t h i s  investigation 
ake equlvalent t o  those reported in  reference 5 f o r  a body also made 
from f ine  nonuniform povder.  Typical  metallopephic  structure of the 
blades i s  shown in figure 1. No difficulty was experienced in grinding 
the blade contours except an occasional flakfag a t  an edge where two 
surfaces  joined.  Surface grinding of t h i s  material w a s  accomplished 
with s o f t  bonded wheels and suitably bonded  diamond wheels. Contour 
grinding on this material m s  sccoqlished  with a diamond wheel which 
requires a mlnhnnn of dressing t o  r e t a b  f ts  shape. 

Turbine disks. - The major principles of the disk design as 
described i n  reference 1 have been utilized,  these  being  the method of 
supporting the blades  by Cbmping between suitably contoured surfaces, 
and providing an overhanging mass of metal at the  rim of each disk t o  
r e s i s t  spreading of the disks. The turbine  rotor  (fig. 2) consisted of 
two 9.82-inch-diameter disks, each machined integral ly  with a partion 
of  the  turbine shaft. The two rotor halves were held  together  by  eight 
through bol t s   ins ta l led  at  a radius sl ight ly   less   than  the inner radius 
of the blade-ring assenibly. Proper radial alinement between the two 
disks was obtained  by  piloting one disk upon a shoulder  provided on the 
other  disk. 

c 
In ass&ling the disks and the blades, the through bol t s  were 

- wrench, This procedure  served to clanrp the blade between the disks 
tightened  by applyrzlg a predetermined  torque with a calibrated  torque 
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by compressing the  asbestos-cloth  cushion  (fig. 2 )  around the  blade and 
caused metal-to-metal  contact between the matching disk surfaces. The 
bol ts  were then  locked to   the disks. 

Blade assembly. - Each blade assenibly consisted of one blade, one 
Inconel  blade  stub, and two aluminum spacers as shown in  f igure 3. Such 
an assembly was eqloyed t o  conserve blades and to   lessen the poss ib i l i ty  
of blade damage by flylng chips from an adjacent  blade  breakage. The 
aerodynamic section of the blade had  a 18-inch span and a 0.840-inch 
chord. A s t r i p  of asbestos  cloth was fastened with a quick-drying 
cement around the  'base of the blade t o  reduce the  possibi l i ty  of damage 
from motion of the  blade  relative  to  the  metal  spacers. A 0.032-inch 
asbestos-cloth  cushion ms fastened around the  sides and shoulders of 
the  blade  base i n  contact with the disk-c.&uqing .s-urfaces. A blade 
stub machined from Inconel t o   t he  .same dimensions as the- rmlfbdenum 
dis i l ic ide  blade base wqs employe& i n  each assembly. The Inconel  blade 
stub m s  clamged between the two disks directly  opposite  the molybdenum 
disil icide  blade.  Metal was removed from the  Inconel  stub when the 
rotor w a s  balanced in order to  simplify  the  rotor-balancing  procedure. 
Two aluminum spacers  contoured t o  match the rotor.-clamping surfaces 
separated  the molybdenum disilicide  blade and the  Inconel  blade stub. 

1 

Turbine installation. - The turbine  rig,  the comhustion-gas  system, 
and the  instrumentation were the same as those  described in  reference 1. 
The turbine  rotor was motored by en e lec t r ic  dynamometer. An addi- 
t iona l  measurement of the  inlet-gas  temperature m s  obtained from a 
shielded thermocouple inserted  into  the  gas  stream  approximately 6 inches 
upstream of the  turbine. The indicated  inlet-gas  temperature measured 
a t   th i s   loca t ion  was recorded  during  the  heat-shock  cycles by means of 
a high-speed  recording  potentiometer. 

A aeries of runs was made t o  determine the  .effect of superimposlng 
thermal  stresses on the  centrifugal  stresses induced i n  molybdenum . 

dis i l ic ide  blades during  simdatedtyrbine  operating  conditions. X-ray 
and dye-penetrmt  inspections were made of each blade p r io r   t o ' i n s t a l -  
l a t ion  Fn the turbine  to  detect  b y  existing  cracks  or  porosity. The 
turbine m s  operated at constant speed to provide  constant  centrifugal 
blade loading during any particula;r  heat-shock  cycle. The inlet-gas 
temperature was increased from a minimum t o  a maximum val? and then 
decreased t o   t h e   o r i g i n d  temperature during a specified  period of time. 
Each period of time or cycle was divided as' nearly as .possible  into 
equal  increments. For example, i n  a J-minute cycle, 1 minute was 
uti l ized  to  increase  the gas  temperature from the minimum t o  the maximum 
value. The temperature was held at this maxm value for  1 minute and 
1 minute was u t i l i zed   t o  decrease the temperature t o   t h e  minimum value. 

. " 
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Typical  gas-temperature  variations  with  tlme  are shown in figure 4. 
4. These cyclic  temperature m i a t i o n s  were a rb i t r a r i l y  chosen i n  refer-  

ence 2. Similar  cycles were run i n   t h i s  investigation t o  p e d t  dfrect  
comgarison with  the  beat-shock t e s t s  conducted with  ceramic  blades i n  
reference 2. The gas temperature was varied  by manual adjustments of 
the  valve  controlling  the  fuel  supply  to  the  burner. A constant  rate 
of temperature  increase gr decrease was not always maintained, which 
explains  the absence of parallelism in  some of the  curves. 

N 
i-P 
(3, 
m 

Heat-shock cycles of 5, 4, 3, and 2 minutes  during which the M e t -  
gas  temperature  varied from 5000 t o  1200° t o  50O0 F for   severa l   t ip  
speeds from 263 t o  842 feet   per-second (5000 t o  16,000 rpm, respectively) 
were scheduled.  Heat-shock cycles of 5 ,  4, 3, and 2 minutes  during 
which the inlet-gas teqerature varied from 500° t o  l8OO0 to 500° F fo r  
several   t ip  speeds f r o m  263 t o  842 fee t   per  second were also, scheduled. 

Blade 1 was operated  through  single  cycles of 5,  4, 3, and 2 minutes 
during which the inlet-gas  temperature w a s  varied from 5000 t o  12000 t o  
5000 F at each of t h ree   t i p  speeds, 263,  394, and 526 fee t   per  second 
(5000, 7500, and 10,000 r p m ,  respectively). The centrifugal  blade 
stresses a t  the  root of the aerodynamic section of the blade a t  these 
speeds are 927, 2080, and 3710 pounds per square  inch,  respectively. 
Similar single  cycles were run during which the  inlet-gas  temperature 
was varied from 5000 t o  18000 t o  50O0 F under lnTposed centrifugal  blade 
stresses of 927 and 2080 pounds per  square inch. 

1 

- 
B l a d e  2 was operated  through  single  cycles of  5, 4, 3, and 2 minutes 

a t  a t i p  speed of 632 feet   per  second (equivalent  to 12,000 rpm o r  a 
centrifugal  blade  stress of 5350 lb/sq  in. , during which the  inlet-gas 
tewerature  was varied from 5000 t o  12000 t o  5000 F. Single time cycles 
of 5, 4, and 3 minutes were run during which the  inlet-gas  temperature 
was varied from 500° to 180O0 t o  500° P under an imposed blade s t ress  
of 3710 pounds per  square  inch. A 5-minute  time cycle was a l s o  m over 
the same temperature  range under 821 imposed blade stress of 5350 pounds 
per  square inch. 

In star t ing,  a low pressure drop (1.5 in .  Eg) was set   across  the tur- 
bine  nozzle and the  burner w a s  ignited using a fuel f law t ha t  gave an - 
Met-gas  temperature of approximately 300° F. The turb3ne r o t o r  was 
then motored t o  a t i p  speed  corresponding t o  t h a t   a t  which a particular 
series'of  cycles w a s  t o  be run. Next, the @;as temperature was increased 
to 5000 F, the  base  inlet-gae  temperature from which all cycles were ~uz1. Necessary  changes i n  the  burner  configuration  since  the  investi- 
gation of reference 2 limited the  base  cycle  temperature t o  5000 F in 

turbine nozzle was then set according t o  values of wet and out le t  
pressure colnputed t o  maintain  zero  angle of a t tack fo r  an assumed con- 

I Order to   insure  continuous combustion. The pressure drop across  the 

- stant vdue  (SO percent) of nozzle  efficiency f o r  the combination of 
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speed and maximum cycle  temperature t o  be 
t o  vary the  inlet-gag  temperatures over a 
ments i n  each of several time cycles. 
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run. Fuel  flow was adjusted 
definite range i n  equetl lncre- - 

L 

. .. 

REXULTS AND DISCUSSION' 

A summary of operating  conditions and resu l t s  i s  given in   t ab le  I. 
Blades 1 and 2 were each  considered par t  of one over-all  evaluation; 
consequently,  conditions of operation were not  duplicated in ei ther  
assembly. 

Blade 1 was subjected t o  heat-shock  cycles at three  different cen- 
trifugal stress  levels,  927, 2080, and 3710 pounds per  square  inch. The 
minimum change i n   w e t - g a s  temperature  per unit time fo r  a 5000 t o  
1200° t o  500° F cycle, which w a s  imposed a t  als three  s t ress   levels ,  m s  
a ra te  of inlet-gas  temperature  increase or decrease of approximately 
7O F per second; the m&ximun change for t h i s  temperature  cycle was 
17.50 F per second. The  minimum change in   inlet-gas  temperature  per 
unit time for  a scheduled 5000 t o  18000 t o  5000 F cycle w-as a r a t e  of 
inlet-gas  temperature  increase or decr.ease of approximately F per 
second; the maxim change for  t h i s  temperature  cycle w a s  32.5' F per 
second. The blade  successfully  withstood all the  heat-shock  cycles 
Frqposed p r io r   t o  an unscheduled decreasing-temperature  heat shock  which 
occurred  during  the 5-minute cycle at a centrifu@;alblade  stress of 
3710 pounds per  square  inch.  This  failure  resulted when loss  of the 
fuel supply to  the  burner  created a more drastic  heat shock than 
intended a t   t h a t  tipe. The inlet-gas temperature decreased from 14000 
t o  3000 F in approximately 3 seconds, a shock simflm t o  but less 
severe  than  the  decreasing-temperature  heat-shock  or blow-out cycle 
deliberately imposed upon the Body 4 8 l l C  blades investigated  in  refer-  
ence 2. It was intended that such a blow-out cycle should be imposed 
upon the molyadenurn dls i l ic ide blades af'ter the scheduled  cycles had 
been completed. Examination of the blade fracture  surface  (fig. 5) 
Fndicates t ha t  no fatigue  failure occurred.  Apparently the  blade  failed 
ei ther  in tension or by heat shock. Since  the  tensile  loadings imposed 
were well  within  the allowable tensile  .strength of the  material, it i s  
very  l ikely that fa i lure  occurred  because of heat shock. 

Blade 2 successfully completed all the 5000 t o  120@ t o  5000 F 
cycles under an imposed centrifugal stress of 5350 pounds per  square 
inch. Blade 2 also comgleted successfully a l l  the 5000 t o  18000 t o  
5000 F cycles i n  which the maxirmrm and "-rates  of gas  temperature 
increase Qr decrease were 21.7O and 13' F per  second.uqder  an imposed 
centrifugal  stress of 3710 pounds per  square  inch.  Failure  occurred' 
between the 5- and 4-minute, 5000 t o  18000 t o  5000 F cycles  while  the 
blade was centr-ally s t ressed   to  5350 pounds per  square  inch. The 
blade a f t e r  failure i s  shown in figure 6.  Fracture  appems t o  have 
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originated on t h  te convex surface of the blad 

7 

R (fig. 6 ( a ) ) .  Examination 
of the  origin of fracture  indicates a fatigue-type  failure  (fig. 6(b)).  
B l a d k  f a i lu re  can be  attr ibuted in  this case t o  one of three  possibi l i -  
t i es :  (1) heat shock in i t i a t ed  a s m a l l  crack which developed  because 
of fatigue under continued  turbine  aperation, finally result- i n  blade 
fai lure;  (2) impact by a foreign  substance  initiated a s t ress  concen- 
t r a t i o n  and a fat igue  fa i lure   resate&,  or  (3) fa i lure   resul ted f r o m  
fatigue caused  by  blade  vibration and possibly  originated from micro- 
defects In the blade. The first of these  possibi l i t ies  is considered 
the lnost l ike ly  one. Blade  f a i lu re  due t o  impact by  .foreign materials 
i s  considered remote  because f ine  mesh screens were employed in  the air 
duct ugstream of the turbine to f i l t e r  out such  sLibstances. The blade 
design w i t h  i ts  short length and thick  section  probably minimized b1ad.e 
vibrational  tendencies. 

Because of the smal l  number of blades  available,  the  investigation 
was l h i t e d  and heat-shock resistant  properties of molybdenum disiH- 
cide  blades under turblne rotat ional  loads were not  determined con- 
clusively. However, comparison  can be made with resu l t s  from a s- 
investigation  (reference 2) made with beryllium  oxide  ceramic, 
Body 48llC. Assuming the second molybdenum disil icide  blade also failed 
because of heat shock, neither blade w-as able t o  withstand heat-shock 
cycles as severe as those imposed won Body 48UC b-6, either f r o m  
the  standpoint of centrifugal  load o r  rate of temperature change iqosed .  

The conibined thermal and centrifugal stresses under which the  hot- 
pressed mlybdenum disflic5.de  blades failed are  considerably less than 
those encountered i n  normal turbine  operation. The lFmited data 
obtained from this investigation  indicate  hot-pressed molytdenum disfli- 
cide,  processed aa described in  reference 5, lacks  satLsfactory  heat- 
shock resistant  properties under centrifugal load and req-es further 
development before  satisfactory  application  to turbine blades i s  
possible. 

RBUGTS AND CONCLUSIORS 

The f ollowFng results and conclmions were obtained fram an hves -  
t iga t ion  of the heat-shock resistant properties of molybdenum disili- 

, cide turbwe blades under centrifugal loads: 

1. One blade withstood  heat-shock  cycles i n  which the inlet-gas 
temperature was varied f r o m  moo to UOOO t o  500O F in various time 
increments  while  subjected t o  centrifugal  stresses of 927, 2080, and 
3710 pounds per square inch. The maximum and minhnum r a t e s  of temper- 
ature increase o r  decrease were  17.5O and 7' F per second, respectively. 
This blade also withstood  heat-shock  cycles i n  wbich the  inlet-gas tem- 
perature was varied f r o m  50O0 t o  18000 t o  5000 F in various time incre- 
ments while  subjected t o  centrifugal stresses of 927 and 2080 pounds 
per square inch. The maximum and minfrmun rates of temperature increase 
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or decrease  were 32.5O and 1 9  F per  second,  respectively.  The  blade L 

failed  during an involuntary  decreasing-temperature  heat  shock in which 
the  inlet-gas  temperature  was  decreased from 14000 to 30O0 F in 3 seconds 
under a centrifugal  blade  stress of 3710 pounds  per square inch. 

2. Another  blade  withstood  similar 5000 to 12000 to 5000 F heat- 
shock  cycles  under a centrifugal  blade  stress  of 5350 pounds  per square 
inch.  This blade also withstood 5000 to 1800° to 500' F heat-shock 
cycles in which the maxirman and  minimum  rates  of  gas-temperature  increase 
or decrease  were 21.7O and 13O F per  second  while  subjected  to a cen- 
trifugal  stress  of 3710 pounds per square  inch-."  Blade  failure  occurred 
at 8 stress  level of 5350 poundsper square inch  between  successive 
5000 to 180O0 to 5OOO F heat-shock  cycles as a result  of  fatigue 
initiated  either by heat  shock,  impact,  or  vibration. 

..a 

3. It  is  concluded that the limited data of this  investigation 
indicate that additional  development  is  necessary  before  the  heat-shock 
resistant  properties of xml@denum  disilicide  are  satisfactory for 
turbine-blade  application. 

. .  

. -  
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temperature 

1 500-1200-500 5 
4 
3 
2 
5 
4 
3 
2 
5 

- 
5 
4 
3 
2 
5 
4 
3 
5 
4 

- 

lpproximate Turbine 
'ate of gas t i p  speed 
;emperatwe (.ft/sec) 
ncrease or 
lecrease 

('F/sec) 

7 263;394;52€ 
8.75 2635394;526 

U.66 26333943526 
17.5 263;394;52E 
13 2633394 
16.25 263;394 
21.7 263~394 

16.25 526 
21.7 526 
13 632 
16.25 632 

Turbine apeed Centxlfugal Operating 
(rem) blade stress  results 

(P8.i) 

5000;7500;10,000  927;2080;3710  Completed 
5000;7500;10,000  927;2080;3710  Completed 
5000;7500;10,000  927;2080;3710  Completed 
5000;7500;10,000  927;2080;3710  Completed 
5000;7500  927;  2080  Completed 
5000;7500  927; 2080 Completed 
5000;7500  927;  2080  Completed 
5Mx);7500  927; 2080 Completed 
10,000 3710 Blade failed 

before  cycle 
was completed 
when fuel euppl: 
was shut off 

12,000 5350  Completed 
12,000 5350 Completed 
12,000 5350  Campleted 
u,oQ 5350  Completed 

10 ,OOo 3710 . Completed 
10 ,m 3710  Completed 
10,ooo 3710  Completed 
12,000 5350  Completed 
12,000 5350 Blad.e failed 

Immediately 
pr ior  t o  begin- 
1% this cycle 
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( a) Unetchetl; x500. 

NACA RM E52A17 .. 

=" 
C - 2 9 0 9 2  

(b)  EtcbeB; X500. 

Figure 1. - Typical  metallographic  structure of molybdenum d i s i l i c ide  blades. 

c 





12 NACA RM E52Al7 
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c 

. 

. 
Figure 3. - Rotm a8Eembly with one molybdenum diEilici.de blade, an Inconel blade stub, 

and two aluminum spacers. . 



NACA FtM E52Al7 

c 
c 

Figure 4. - Typical rotating heat-shock cycles obtafned with blade 2 
showing variation of inlet-gas temperature with time. Centrifugal 
blade stress maintained at 5350 pounds per square inch. 



14 NACA RM E 5 m 7  

( a )  Blade fracture surface. Blade in rotor. 

. 

. 
(b) Blade f r ao tu re  aurface. Blade rewmed from rotor. 

Figure 5. - MoQbaenum d i a l l i c l d e  blade 1 efter failure. - 



WACA RM E52Al7 15 

1 

. 
(a) Blade in rotor showing possible Impact fracture  area. 

(b) Fracture surface showing possible  initial fracture  area. Blade removed from rotor. 

Figure 6 .  - Molybdenum disilicfde  bhde 2 after failure. 
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